ABSTRACT. Traditionally, ultrasonic inspection methods are developed using extensive lab measurements. This approach provides limited insight in the interaction of waves with artificial and realistic defects. However, for a thorough insight in the factors that determine the reliability it is necessary to understand the wave field inside the object of inspection. Therefore, we propose the usage of advanced numerical simulation tools which visualize the full-elastic wave field. This way a connection can be made between the recorded signal and the wave field inside the test object. These insights improve the performance of an inspection method and reduce time spent on experimental validation.
INTRODUCTION
Traditionally, ultrasonic inspection techniques are developed using extensive lab experiments on synthetic defects (i.e. side drilled holes or notches). The objective is to establish the reliability of the NDT (determined by the falls call rate and POD) by laboratory experiments. This approach has several disadvantages. First of all, for a thorough insight in the factors that determine the reliability it is necessary to understand the wave field inside the object of inspection. This wave field can be very complex, even in relatively simple geometries. This wave field can not be visualized using lab experiments.
Another disadvantage of the traditional approach is that the number of available test samples is limited. This implies that only a small subset of possible field situations can be examined in the lab. This may lead to wrongly interpreted measurements during operation, which results in unnecessary repairs or undetected defects. Furthermore, testsamples are very costly to manufacture and take a lot of time to acquire. This together with the fact that setting up, performing, analyzing and reporting lab experiments are also timeconsuming, makes the traditional approach relatively time-ineffective and costly.
Furthermore, the response of a synthetic defect can be much different than the response of a realistic defect (Figure 1 ). Notches or side drilled holes are 'perfect' defects, while realistic defects can have branches, different orientations, or varying thickness. More realistic, but still artificial defects can be inserted into a test object. But because this is often an uncontrolled process, the exact properties of the defect are unknown and can only be obtained by destructive analysis. This renders the object useless for further optimization of the NDT.
Therefore, evaluating and developing inspection techniques using this traditional approach is not only costly and time consuming, but also leads to a non-optimal reliability. To develop more reliable and cost-effective inspection techniques we suggest using numerical simulation tools. Advanced simulation tools can visualize the full-elastic wave field. This way a link can be made between the recorded signal and the wave field inside the test object and helps one understand the interaction of the various parts of the test object with the wave field. These insights improve the performance of an inspection method and reduce time spent on experimental validation.
Furthermore, using commercially available software, simulations are very easy to set-up in comparison to lab experiments and allow easy variation of the various parameters of the inspection technique and of the properties of the inspection object. Important properties of the probe are the transducer frequency and crystal size. Relevant inspection object properties are for example defect size and material properties. Also, the development of an inspection technique is no longer limited by the available hardware. Simulation tools allow the evaluation of exotic configurations and can lead to surprising and innovative results.
There are severable numerical modeling techniques available that can be used to model the propagation of ultrasonic waves through the object of inspection. Ray-tracing and wave-field extrapolation techniques solve approximations of the full elastic wave equation. Therefore, they do not automatically take into account all wave phenomena such as wave conversion, complex reflection and thin-layering effects. Each wave-converted mode and reflection mode has to be added separately. However, using finite difference (FD) modeling the full elastic wave equation can be solved [1, 2] . This automatically reveals the full complex wave field including all wave phenomena. Optimization of the reliability of inspection techniques requires that all phenomena are taken into account and therefore the full elastic wave equation should be solved. In comparison to FD methods, finite element (FE) methods require more knowledge of the numerical algorithms. Therefore, they are more difficult to implement and more expensive to use.
Another advantage of the visualization of the propagation and interaction of the ultrasonic waves is that it can be used as a powerful demonstrator of an inspection technique. This can be helpful to explain the inspection technique to a customer or students or the training of inspectors.
Simulations are already often used at universities and research institutes during fundamental research. As soon as an inspection technique is operational, further applications and optimizations are developed using the traditional approach with its disadvantages explained in the preceding text. Before simulation tools are going to be widely used in the industry, the software should meet several requirements. First of all, it must be very easy to create geometries and execution of a simulation must not require any knowledge of the numerical algorithms. Finally, comparing and evaluating the results of multiple configurations must be easy to gain a fast insight in the performance of an inspection technique. If the software fulfils these requirements, simulation tools can aid the industry developing innovative solutions for inspection problems.
THE CONCEPT OF THE MODEL-BASED INSPECTION DEVELOPMENT
The model-based inspection technique development approach consists of seven steps.
1. determine the inspection object geometry and the material properties of the different parts of the object 2. determine defect properties in terms of location, orientation, type and size 3. determine inspection parameters (probe position, transducer properties, excitation pulse shape) 4. draw steps 1,2 and 3 in a grid which acts as input for the FD solver 5. execute FD simulation and obtain wave field and signal on probe 6. evaluate wave field and signal on probe 7. optimize NDT parameters After step 7 the simulation is carried out again to evaluate the performance of the optimized inspection technique. This leads to an iteratively process. If easy-to-use simulation tools are used, each step of this process can be carried out very quickly. After this iterative process the optimized inspection technique is validated using experiments. In the next section, each step is further explained during an illustration of this concept.
CASE: INSPECTION OF SPLIT-TEES
We will demonstrate the concept of model-based inspection technique development on a case, which is the inspection of split-tees. Split-tees and repair sleeves are used for hot-tapping or repairing pipelines. In the Netherlands they are used on gas pipelines. Due to high-pressure gas flowing inside the pipelines, failure of these sleeves would have dramatic results. Special precautions are therefore taken to assure high-quality welds. However, the high cooling rates caused by the flowing gas and typical weld configuration potentially make the welds crack sensitive. This puts special requirements to the welding procedure, consumables, welders and the inspection technique. In 2003 a project was started to optimize the inspection of the welds.
The split-tee or repair sleeve is applied to the pipe wall using four welds, two longitudinal welds and two circumferential welds (see Figure 2) . The longitudinal weld can be reliably inspected using TOFD, but the NDE possibilities for the circumferential welds are limited due to varying height and complex geometry. The current NDE (manual UT) has a high false call rate and poor POD, which leads to unnecessary and costly repairs. A model-based approach was used to evaluate the performance of the current manual UT technique and to evaluate how to optimize the inspection. Figure 3 shows the inspection object and the different defects that can be present in the weld. It is a very complex geometry due to the various objects, the varying weld geometry and variable defects in terms of location, size and type. Each part of the inspection object interacts with the wave field and influences the measured response. Estimation of the contribution by each part requires the visualization of the interaction between the waves and the various parts, taking into account all wave phenomena. This requires the solving of the full elastic wave field.
The first steps in the model-based approach consist of drawing the inspection object in a grid that can be used by the FD algorithm. To make fully use of the advantages of the model-based approach, drawing this geometry in a grid should be straightforward or should be accomplished by importing it from 3 rd party software like CAD in which often the geometry of inspection objects is already stored. Changing properties of objects should be very simple to allow the quick evaluation of multiple configurations. Furthermore, the simulation software must allow the execution of simulations without knowledge about the algorithms.
The inspection object of the split-tee case and the various parts of it can be seen in Figure 4 . Each part of the inspection geometry is a different object. The properties of objects are varied by simply selecting it and changing the value of the property. On top of the split-tee a probe is positioned with a 4 MHz transducer of 10 mm. The bottom of the pipe wall is a reflecting interface. Therefore, the bottom of the model is defined as a Figure 4 ). The edges of the probe (except the bottom) are also absorbing edges. Note that in this case the probe acts as source and receiver, but the source and receiver could of course be different probes. After execution of the simulation, one form of output of the simulation is the wave field, which shows the pressure and shear waves in the object of inspection. In Figure 5 the wave field can be seen at two moments in time. Because the solver calculates the wave potentials from the particle velocity, we can label the pressure and shear waves by different colors. Here pressure waves appear in blue and shear waves appear in red. The black lines show the contours of the different parts of the inspection object. In the same way only the pressure or shear waves could be shown, where red and blue colors are used to indicate the phase of the waves.
In the first snap shot the source just emitted a pressure wave, which is converted to a shear wave on the interface between the probe and split-tee. This shear wave is propagating towards the defect. The second snap shot shows the wave field just after this shear wave hit the defect. As can be seen, the wave field is already quite complicated after the reflection from a notch. Wave conversion, reflection and diffraction (at the top of the defect) can be seen. This demonstrates the fact the even for simple geometries the wave Another form of output is the beam intensity, which shows the distribution of ultrasonic energy inside the object (Figure 6 ). The last form of output is the measured signal on the receiver (Figure 6 ). Here, in this simple case only one echo is received which is the reflection from the defect. The combination of these three output formats ( Figure 5 and Figure 6 ) helps understanding what happens during the propagation of the waves through the object.
As was explained in the introduction, another advantage of the model-based approach is that it allows an easy variation of the NDT parameters. In the case of the evaluation of the current inspection technique for split-tees, the weld geometry, split-tee thickness, probe angle, and defect size, type and location were varied. This led to a total amount of 200 configurations. Evaluating this entire set of configurations using lab experiments would take weeks if not months. It took only several days to evaluate all these configurations on a computer.
RESULTS OF CASE
The modeling study revealed several interesting aspects about the current inspection technique. Figure 7 shows the amplitude of the vertical fusion line defect echo as function of notch depth. The amplitude of the echo was used to size the defect. As can be seen, the amplitude saturates and even decreases after a notch depth of 6 mm. Furthermore, the inspection technique was very sensitive to the orientation of the defect (data not shown). This explains the poor performance of the current inspection technique. These results were validated using experiments [3] . The wave field furthermore revealed that the echo from the defect is clearly distinguishable from other geometrical echo in all evaluated configurations. One possible useful geometrical echo is generated by the reflection against the gap between sleeve and pipe wall, and subsequently against the weld cap and back. This echo disappears when vertical fusion line defects reach a size of 2 mm. This effect can be used to size the vertical fusion line defects. Using a probe at 70° a clear echo from the underbead defect under 45° is received. This echo can be used to detect and size these defects. The evaluation not only confirmed the unreliable results of the current NDT, but it also revealed other possibilities to further optimize the inspection technique.
To improve the inspection technique so that it correctly sizes the vertical fusion line defects and underbead defects, simulations were carried out with a phased array. The phased array emits sound waves under different angles towards the defects. It was modeled 
CONCLUSIONS
The split-tees case demonstrated the advantages of the model-based ultrasonic inspection development approach. Instead of performing experiments on test samples, a wide number of possible configurations were quickly evaluated using finite difference simulations. An evaluation of the current inspection technique showed that although the echo from the defect can be clearly distinguished from other geometrical echoes, its amplitude can not be used to correctly size the vertical fusion line defects. These results were experimentally validated using a Round-robin test. The NDT technique was optimized by using phased arrays and scanning the defects under different angles.
The modeling tools were used to both evaluate and optimize the current inspection technique. The visualization of the wave field and the easy variation of inspection parameters turned out to be essential for the optimization of the inspection technique in a cost-effective way. This resulted in a more reliable inspection technique for circumferential welds of the split-tees or repair sleeves. A new inspection procedure was written, which leads to much less unnecessary repairs. Currently, Applus RTD is using the visualization of the wave field to support the training of operators in the inspection of these welds.
